To demonstrate whether the original keratocyte phenotype is maintained with proliferative activity by suppressing TGF-␤ signaling in rhesus monkey keratocytes expanded in a serum-free and low- [Ca 2ϩ ] medium.
K eratocytes, a unique population of neural crest-derived cells embedded in the corneal stroma, play a major role in maintaining corneal transparency. They are mitotically quiescent, exhibit a dendritic morphology with extensive intercellular contacts, 1, 2 and express keratan sulfate-containing proteoglycans (KSPGs), 3, 4 aldehyde dehydrogenase (ALDH) 4 and CD34. [5] [6] [7] When a scar forms during corneal wound healing, keratocytes turn into fibroblasts by losing the aforementioned morphology and downregulating the expression of KSPG 8, 9 and CD34, 5 and eventually they differentiate into myofibroblasts 10, 11 that express ␣-smooth muscle actin (␣-SMA), fibronectin, and biglycan. 4 The aforementioned abnormal phenotypic changes can be observed in vitro on plastic dishes by adding fetal bovine serum (FBS). For example, the characteristic dendritic morphology of bovine, 12 rabbit, 13, 14 and human 7, 15 keratocytes is maintained in a serum-free medium. Nevertheless, when FBS is added, cells take on a flattened fibroblastic morphology and lose the expression of KSPG, including corneal stroma-specific keratocan. 4, 7, [15] [16] [17] [18] [19] Unfortunately, keratocytes cultured in the serumfree medium do not proliferate.
Therefore, expanding keratocytes while maintaining their normal phenotype in vitro is very desirable. Because FBS contains TGF-␤, 20 which promotes myofibroblast differentiation, 4, 14, 21, 22 many have speculated that TGF-␤ signaling is responsible for promoting myofibroblast differentiation from keratocytes. It remains unknown whether suppression of TGF-␤ signaling is not only sufficient to prevent myofibroblast differentiation but also essential for maintaining the keratocyte phenotype. Because expression of the TGF-␤2, -␤3, and -␤ RII transcripts is suppressed when human corneal and limbal fibroblasts 23 and human conjunctival and pterygium fibroblasts 24 were cultured on human amniotic membrane (AM) stroma, we used AM as a culturing substrate to maintain a dendritic morphology and expression of keratocan and CD34 by human keratocytes while continuously stimulating them to proliferate in a medium containing 10% FBS. 7, 15 Extracellular calcium concentration ([Ca 2ϩ ]) significantly affects TGF-␤ signaling. For example, increased [Ca 2ϩ ] promotes expression of TGF-␤ in human vascular endothelial cells. 25 Chelation of extracellular [Ca 2ϩ ] blocks TGF-␤-mediated [Ca 2ϩ ] influx and calcineurin (calcium-dependent signaling intermediate) activity, 26 and inhibits TGF-␤-mediated ␣-SMA promoter signaling in human embryonic lung fibroblasts. 27 With this [Ca 2ϩ ] effect in mind, we examined in the current study whether the phenotype of keratocytes can also be maintained on plastic by suppressing TGF-␤ signaling with a low- [Ca 2ϩ ], serum-free medium supplemented with growth factors.
Isolation and Culture of Rhesus Monkey Keratocytes
Animals used in this study were handled according to the guidelines described in the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Three rhesus monkeys (Macaca mulatta), 4 years old, and rabbit and mouse corneas were obtained from an approved tissue-sharing program after euthanasia (University of Miami Institutional Animal Care and Use Committee approval 04-073). An entire anterior corneoscleral segment was removed from the globe by cutting near the limbus with Wescott scissors. A central cornea was obtained with an 8.0-mm Barron trephine and immediately transferred to KSFM (cat. no. 17005-042; Invitrogen-Gibco). After removing Descemet's membrane and the corneal endothelium, the corneal epithelium was removed by dispase digestion for 16 hours at 4°C, and the remaining corneal stroma was incubated at 37°C for 16 hours in 2.5 mL of DMEM containing 1 mg/mL collagenase A, 20 mM HEPES, 50 g/mL gentamicin, and 1.25 g/mL amphotericin B in a plastic dish. Afterward, cells were resuspended in 1 mL of KSFM, centrifuged to remove residual matrices, resuspended in KSFM, and seeded on plastic dishes in KSFM or DMEM containing insulin, transferrin, and selenium supplement (DMEM/ITS; cat. no. 41400-045; Invitrogen-Gibco) or 10% FBS (DMEM/10% FBS).
When the primary culture on plastic reached 80% confluence, cells were rendered into single cells by incubation in BSS containing 0.25% trypsin/1 mM EDTA at 37°C for 1 to 5 minutes, and the enzymatic reaction was stopped by adding soybean-trypsin inhibitor. After they were centrifuged at 800g for 5 minutes, the cells were resuspended in KSFM, subdivided into three equal parts, and seeded on plastic dishes. They were cultured in KSFM continuously until use. Keratocytes were similarly isolated from mouse, rabbit, and human corneas and cultured in KSFM for comparison.
Cell Proliferation
Cell proliferation in KSFM was verified by subculturing primary cells in DMEM/ITS, DMEM/10% FBS, or KSFM at a density of 3000 cells per 96-well plastic dish, and subjected at days 3 and 7 to the MTT assay (Promega Corp., Madison, WI), according to the manufacturer's instructions. Briefly, this assay measures mitochondrial dehydrogenase enzyme activity using the substrate of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide at absorbance of 50 nm, to reflect the proliferative activity of viable cells. Using the culture medium alone as the negative control, we had validated this assay by establishing a linear correlation between 2,500 and 10,000 passage-2 murine corneal fibroblasts (data not shown). Cells at day 7 were also immunostained with an anti-Ki67 antibody (1:100). The number of Ki67-positive nuclei was randomly measured in 10 fields under high magnification (400ϫ) for each culture and the ratio of positive cells to total cells calculated in each field. Experiments were performed in triplicate.
Morphologic Analysis and Immunostaining
The cell morphology was documented by phase-contrast microscopy, and cell-cell contacts were analyzed by staining with a cell-viability assay (Live/Dead; Invitrogen), with methods similar to those in a prior report. 2 The latter staining enhanced the visibility of the keratocyte network and morphology in our recent studies of human keratocytes. 15 The cell phenotype was studied by immunostaining. These cultures and frozen sections of the cornea (4 m thickness) were fixed with cold methanol (Ϫ20°C) for 5 minutes. After they were blocked with 1% BSA for 30 minutes, the cells were incubated for 1 hour with antibody against CD34 (1:40), keratocan (1 g/mL), ALDH (1:100), Smad2 (1:100), and Smad4 (1:100). Immunoreactivity was detected by ABC kit (Vectastain Elite; Vector Laboratories, Burlingame, CA) using a DAB kit (Dako), or by immunofluorescence staining using appropriate FITC-conjugated secondary antibody, and photographed with an epifluorescence microscope (Te-2000u Eclipse; Nikon, Tokyo, Japan). For Smad staining, clear nuclear accumulation was counted in 10 random fields under high magnification (400ϫ).
Western Blot Analysis
Monkey corneas or cultured keratocytes were homogenized in extraction buffer containing 4 M guanidine-HCl containing 10 mM sodium acetate, 10 mM sodium EDTA, 5 mM aminobenzamidine, and 0.1 M ⑀-amino-n-caproic acid. The extracts were dialyzed exhaustively overnight against distilled water, and the water-insoluble fraction was dissolved in 0.1 M Tris acetate solution (pH 6.0) containing 6 M urea. The protein concentration was measured by spectrophotometer at OD 280nm . Protein aliquots (100 g) were incubated with 0.1 U/mL endo-␤-galactosidase (Seikagaku) or 0.1 U/mL keratanase II (Seikagaku) in PBS at 37°C overnight, to remove the keratan sulfate (KS) chain. Each sample was added with an equal volume of 2ϫ SDS sample buffer, boiled for 5 minutes, electrophoresed on a 4% to 15% gradient SDS-PAGE gel, and transferred to a nitrocellulose membrane. These membranes were preincubated with the blocking buffer, probed with affinity-purified antiserum against human keratocan and alkaline phos- 
Adenoviral Transfection
Freshly isolated cells expanded in KSFM were subcultured on plastic, and, when 60% to 80% confluent at passage 1, were placed in 96-well plates in KSFM and cultured for 7 days. In parallel cultures, [Ca 2ϩ ] was increased to 1.8 mM in KSFM by adding CaCl 2 (identical with that in DMEM) with or without 10% FBS, culture medium was changed to DMEM/10% FBS. Cells were transfected (200 multiplicities of infection [MOI] ) for 24 hours with aden-track-Kerapr3.2-intron-ECFP/BpA adenovirus, which was constructed by insertion of an enhanced cyan fluorescent protein (ECFP) fragment generated by PCR using pECFP-N1 (BDCloneTech, Palo Alto, CA) as the template and two restriction enzyme site-tagged primers (ECFP-RI, 5Ј-GATCGAATTCCCACCGGTCGCCACCAT-GGTG-3Ј and ECFP-SalI, 5Ј-GTTACTCGACTTACTTGTACATCTCGTC-CATG-3Ј). The resultant PCR fragment was digested and then ligated to the EcoRI and SalI sites of the pKera3.2-int-MCS-BPA plasmid vector. 28 The fidelity of PCR-amplified ECFP was confirmed by DNA sequencing. The Kerapr3.2-intron-ECFP/BpA DNA fragment (6.0 kb) was excised from the pKerapr3.2-intron-ECFP/BpA plasmid with NotI and KpnI digestion and ligated into pAd-Track plasmid vector, which was kindly provided by Wei Li (Bascom Palmer Eye Institute, Miami, FL) and contains a CMV-EGFP expression cassette. 29 The final construct was designated as pAdKerapr3.2-intron-ECFP/BpA and used to generate a replication-defective adenoviral plasmid by homologous recombination in Escherichia coli according to a previously published method. 28 -30 Purified viruses were aliquotted in 50% glycerol and stored at Ϫ80°C. The viral titer (plaque forming units [PFU] per milliliter) for adenovirus preparation was determined in strain 293 cells on 96-well plates with a serially diluted virus used for transfection. After 7 days, we checked the GFP expression under an inverted fluorescence microscope and obtained the estimated titer. The Aden-track-Kerapr3.2-intron-ECFP/BpA adenovirus had a titer of 3 ϫ 10 11 infectious particles per milliliter (PFU/milliliter). Transfection efficiency was judged by expression of EGFP and expression of keratocan by expression of ECFP in the same cell, by an epifluorescence microscope (Te-2000u Eclipse; Nikon) equipped with the appropriate filters. Ten different fields (400ϫ) were randomly selected for counting the number of cells with EGFP or ECFP expression. 31 Passage-1 cells were also transfected with replication-defective adenoviruses containing TGF-␤1 or TGF-␤RII promoters, each linked with luciferase (100 MOI) and containing CMV-␤-galactosidase (30 MOI) for 48 hours. The medium was replaced with fresh KSFM, DMEM/ITS, or DMEM/10% FBS 5 hours before transfection. The plasmid containing TGF-␤1 promoter-luciferase was provided by Seong-Jin Kim (National Institutes of Health, Bethesda, MD). TGF-␤ RII promoter 32 was amplified by PCR with genomic DNA of human corneal fibroblast used as the template, the forward primer of 5Ј-GTACGGTAC-CCATCAAAGAAGTTATGGTTC-3Ј and the reverse primer of 5Ј-GTA-CAAGCTTACTCAACTTCAACTCAGCGC-3Ј using the PCR program of 95°C, 30 seconds; 55°C, 30 seconds; and 72°C, 2 minutes for 30 cycles. The amplified TGF-␤ RII promoter fragment was then digested with KpnI and HindIII, gel purified (Qiagen, Valencia, CA), and inserted into the same sites of pGL3-basic. The plasmid containing TGF-␤ RII promoter-luciferase was constructed by inserting TGF-␤ RII promoter (Ϫ1883 to ϩ50) upstream of Luc ϩ in pGL3-basic (Promega). Replication-defective adenoviruses were generated for each promoter contrast by the Core Laboratory of the University of Michigan, according to a previously published method. 29, 30 The promoter activity was measured (Luciferase Assay System; Promega) and normalized to ␤-galactosidase activity. In same manner, the TGF-␤1 and -␤RII promoter activity of passage-1 cells was measured in cells cultured in KSFM, in which the [Ca 2ϩ ] was increased to 1.8 mM (identical with DMEM), with or without 10% FBS. ␤-Galactosidase activity was measured, and relative transfection was normalized by using a method previously described. 31 
Statistical Analysis
The significance of differences between groups was determined by either Student's t-test. Repeated-measures ANOVA was used when more than one comparison was made. P Ͻ 0.05 was considered statistically significant.
RESULTS

Phenotype of Rhesus Monkey Keratocytes In Vivo
The cellular morphology of rhesus monkey keratocytes in vivo was studied by phase-contrast microscopy and a cell viability assay, with the latter demarcating the entire cytoplasm. Similar to what has been reported in human keratocytes, 15 monkey keratocytes showed a compact cell body with long dendritic cytoplasmic processes connecting with neighboring cells (Figs. 1A, 1B) . These processes formed extensive intercellular contacts in a three-dimensional pattern. In addition, CD34 was clearly expressed in the cytoplasm of these cells using both immunohistochemistry and immunofluorescence staining (Fig. 1C) . Western blot showed that the affinity-purified polyclonal antibody against human keratocan also cross-reacted with monkey keratocan (Fig.  1D) . This cross-reactivity was attributed to the fact that there is a 92.5% to 95% homology between human and rhesus monkey keratocan genes. 33 Western analysis showed a blot in the highmolecular-weight region in undigested samples (u) consistent with the nature of proteoglycans, whereas there was a major band at 56 kDa in endo-␤-galactosidase-digested monkey corneal stromal extracts (d) (Fig. 1D ) Using this antibody, we found keratocan to be expressed by keratocytes and the extracellular matrix in the entire monkey corneal stroma, but not by the corneal epithelium (Fig. 1E) or the corneal endothelium (Fig. 1F) . These results showed that rhesus monkey keratocytes had a dendritic morphology and extensive cell-cell contacts, and expressed both CD34 and keratocan, similar to that which we have reported in human keratocytes.
7,15
Morphologic Changes in Different Media
The monkey corneal stroma was subjected to collagenase digestion. The resultant cell suspension yielded approximately 1.5 ϫ 10 5 cells per cornea. Within 24 hours after seeding on plastic, cells attached well in DMEM/ITS, DMEM/10% FBS, or KSFM, but exhibited a distinctly different morphology. As reported for human keratocytes, 7, 15 cells cultured in DMEM/ITS for 7 days did not grow and showed a mixture of flattened and dendritic cells ( Fig. 2A) , whereas cells cultured in DMEM/10% FBS for 7 days reached confluence and showed a flattened fibroblastic morphology (Fig. 2B) . In contrast, cells cultured in KSFM for 7 days had a higher cell density than DMEM/ITS and maintained a dendritic morphology (Fig. 2C) .
To determine whether the dendritic morphology of keratocytes could be similarly maintained in KSFM in other species, we isolated primary cells from human (Fig. 2D), rabbit (Fig.  2E) , and mouse (Fig. 2F) corneal stroma in the same manner and cultured them in KSFM on plastic for 48 hours. We noted that all of them showed prominent dendritic processes and extensive intercellular contacts similar to that shown in monkey keratocytes (Fig. 2C) . Both rabbit and human cells had a triangular cell body and longer dendrites; mouse cells had a rounder cell body and thinner dendrites. These data showed that the dendritic morphology could be similarly maintained in KSFM for primary cultures of monkey, human, rabbit, and mouse keratocytes.
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Cell Proliferation and Continuous Passages in KSFM
To verify that cells were indeed proliferating in KSFM, we performed the MTT assay at days 3 and 7 and immunostaining of Ki67 in primary cells at day 7. The number of cells measured by MTT did not change significantly when cells were cultured in DMEM/ITS, but increased significantly when cultured in DMEM/10% FBS from days 3 to 7 ( Fig. 3A , P Ͻ 0.01). The number of cells in KSFM estimated by MTT was between that of DMEM/ITS and DMEM/10% FBS ( Fig. 3A ; P Ͻ 0.05; between day 3 and day 7). When assayed by the proportion of positive Ki67 nuclei, cellular proliferation in KSFM was also between that in DMEM/10% FBS and that in DMEM/ITS ( Fig. 3B ; P Ͻ 0.05, both between KSFM and DMEM/10% FBS or DMEM/ITS). Cells maintained in DMEM/ITS could not be subcultured to passage 1. They immediately adopted a flattened morphology FIGURE 1. Characterization of rhesus monkey keratocytes in vivo. Immediately after adding collagenase solution to the rhesus monkey cornea, both phase-contrast microscopy (A) and a cell-viability assay (B) showed a characteristic dendritic morphology with extensive cell-cell contacts in a threedimensional manner. CD34 was expressed in the cytoplasm of keratocytes by immunohistochemistry (C) and immunofluorescence staining (C, inset). The antibody raised against human keratocan cross-reacted with monkey keratocan by Western blot analysis; a blot in a high-molecularweight region was found in undigested samples (u), whereas a major band at 56 kDa was found in endo-␤-galactosidase-digested cornea (d). (D) Use of this antibody showed that keratocan (green) is expressed in keratocytes and also distributed throughout the stroma, but not in the corneal epithelium (E) or endothelium (F). Red: nuclei (PI). Bar, 50 m. 
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when subcultured in DMEM/10% FBS at passage 1 (Fig. 3C) . In contrast, cells subcultured in KSFM continued to maintain a dendritic morphology at passages 8 ( Fig. 3D) and 15 (Fig. 3E) . These results indicate that cells continued to maintain a dendritic morphology on plastic so long as they were cultured in KSFM. They numbered approximately 2.0 ϫ 10 5 in a 60-mm dish at each passage.
Modulation of Keratocyte Phenotype by Medium Switch
Because in vivo monkey keratocytes expressed keratocan and CD34 (Fig. 1) , we examined whether keratocan and CD34 proteins were continuously expressed by dendritic cells that were maintained at late passages in KSFM and whether such expression could be altered if the medium was switched to DMEM/ITS or DMEM/10% FBS. When passage-14 cells cultured in KSFM were subcultured in DMEM/ITS or DMEM/10% FBS for 14 days, the dendritic morphology was changed to a flattened (fibroblastic) shape (Figs. 4A, 4B ). In contrast, cells continuously subcultured in KSFM maintained a dendritic morphology (Fig. 4C) . Immunostaining revealed that expression of keratocan was markedly attenuated in cells subcultured in DMEM/ITS (Fig. 4D) or DMEM/10% FBS (Fig. 4E ), but continued in those cultured in KSFM (Fig. 4F) . Similarly, expression of CD34 was markedly downregulated in cells subcultured in DMEM/ITS (Fig. 4G) or DMEM/10% FBS (Fig. 4H ), but continued in those cultured in KSFM (Fig. 4I) . Because ALDH is a marker of human keratocytes, 4 we also found that ALDH was expressed in primary cells cultured in DMEM/ITS (Fig. 4J) , lost in cells cultured in DMEM/10% FBS (Fig. 4K ), but maintained in cells cultured in KSFM (Fig. 4L) . Expression of ALDH was similarly downregulated when passage-14 keratocytes were subcultured in either DMEM/ITS or DMEM/10% FBS (not shown). These results indicated that the dendritic morphology of monkey keratocytes correlated well with expression of keratocan, CD34 and ALDH and such a phenotype could be maintained in KSFM, but lost when the medium was switched to either DMEM/10% FBS or DMEM/ITS.
Modulation of the Keratocyte Phenotype by Increasing Extracellular [Ca 2؉ ] and Adding FBS to KSFM
KSFM is culture medium supplemented by growth factors including epidermal growth factor (EGF) and bFGF, and differs from DMEM-base medium in many respects. The major features of KSFM are a low [Ca 2ϩ ] and a lack of FBS. We thus wondered whether high [Ca 2ϩ ] or addition of 10% FBS or a combination of both might modulate the keratocyte phenotype determined by expression of keratocan. To do so, we measured the promoter activities after transient transfection of Aden-trackKerapr3.2-intron-ECFP/BpA adenovirus containing the CMVpromoter-driven EGFP and keratocan promoter-driven ECFP in passage-1 cells. In a given cell, expression of EGFP reflects the background transfection while expression of ECFP reflects the keratocan promoter activity. We also monitored the protein expression of keratocan and CD34 by immunostaining.
Compared with the dendritic morphology of keratocytes cultured in KSFM (Fig. 5A) , most cells remained dendritic, but some cells became flattened in KSFM when [Ca 2ϩ ] was increased to 1.8 mM (Fig. 5B) . In contrast, most of the cells lost the dendritic morphology and became flattened when 10% FBS was added in KSFM with low [Ca 2ϩ ] (Fig. 5C ) or with high [Ca 2ϩ ] (Fig. 5D ). The percentage of ECFP-expressing cells to EGFP-expressing cells of the control cultured in KSFM alone was 70.3% Ϯ 9.2% (mean Ϯ SD; Fig. 5E ). That percentage decreased to 62.0% Ϯ 9.6%, 33.3% Ϯ 5.4%, and 29.8% Ϯ 4.5% when cells were cultured in KSFM with 1.8 mM [Ca 2ϩ ] (Fig.  5F ), in KSFM with 10% FBS (Fig. 5G) (Fig. 5N ), but expression was lost in KSFM with 10% FBS (Fig. 5O ) and in KSFM with high [Ca 2ϩ ] and 10% FBS (Fig. 5P) . Expression of CD34 was observed in cells cultured in (Fig. 5R ), but was lost in KSFM with 10% FBS (Fig. 5S ) and in KSFM with high [Ca 2ϩ ] and 10% FBS (Fig. 5T) . These results indicate that the keratocyte phenotype was not significantly affected in KSFM by increasing [Ca 2ϩ ], but was lost by addition of FBS. The latter detrimental effect was synergistic with increasing [Ca 2ϩ ].
Suppression of TGF-␤1 and -␤ RII Promoter Activities
We then wondered whether TGF-␤ signaling was similarly modulated by increasing [Ca 2ϩ ] or addition of 10% FBS, or a combination of both in KSFM, by measuring the promoter activity of TGF-␤1 and -␤ RII after transient adenoviral transfection. Compared with the control (i.e., cells cultured in DMEM/10% FBS and adjusted by background transfection with CMV-␤-Gal), the promoter activity of both TGF-␤1 and -␤ RII was significantly decreased in cells cultured in KSFM (Fig. 6 , P Ͻ 0.05). There was no significant difference in the promoter activity between KSFM and DMEM/ITS (Fig. 6) . Compared with the control cultured in KSFM alone, increased [Ca 2ϩ ] or addition of 10% FBS did not change the promoter activity for both TGF-␤1 and -␤ RII ( Fig. 6 ; P Ͼ 0.05). In contrast, a combination of increased [Ca 2ϩ ] and addition of 10% FBS significantly upregulated the promoter activity for TGF-␤1 and -␤ RII (Fig. 6 , P Ͻ 0.05 and P Ͻ 0.01, respectively). These results further support the notion that the loss of keratocyte phenotype with respect to dendritic morphology and expression of keratocan and CD34 as a result of increased [Ca 2ϩ ] and addition of 10% FBS correlates with upregulation of the transcriptional activity of the TGF-␤1 and -␤ RII genes.
Suppression of Smad-Mediated TGF-␤ Signaling
To determine whether the aforementioned phenotype changes and suppression of transcription of TGF-␤1 and TGF-␤ RII genes correlates with change of Smad-mediated signaling, we performed immunostaining for Smad2 and Smad4. Most cells cultured in DMEM/ITS or KSFM showed cytoplasmic localization of Smad2 and Smad4, whereas most cells cultured in DMEM/10% FBS or KSFM with increased [Ca 2ϩ ] and addition of 10% FBS showed nuclear localization of Smad2 and Smad4 (Fig.  7) . The percentage of cells exhibiting nuclear accumulation of Smad2, an index suggestive of phosphorylation of Smad2, was 38% Ϯ 7.6% (mean Ϯ SD) in DMEM/ITS and 88.7% Ϯ 4.0% in DMEM/10% FBS, of which both were significantly higher than 19.3% Ϯ 5.1% in KSFM (Fig. 7 , both, **P Ͻ 0.01). Even when 4 ng/mL TGF-␤1 was added in KSFM for 48 hours, the percentage of nuclear accumulation of Smad2 in cells increased to 34.7% Ϯ 4.9%, which was still not higher than that of DMEM/ ITS (Fig. 7, P Ͼ 0.05) . Similarly, the percentage of nuclear accumulation of Smad4 was 27.7% Ϯ 1.5%, 90.7% Ϯ 2.1%, and 12.0% Ϯ 3.0% in DMEM/ITS, DMEM/10% FBS, and KSFM, respectively (Fig. 7) . These results indicated that Smad-mediated TGF-␤ signaling was significantly downregulated in cells cultured in KSFM.
DISCUSSION
Earlier studies used the dendritic morphology and extensive intercellular contacts as the hallmark for the keratocyte phenotype. 12 Subsequently, other markers for keratocytes have been reported, including keratan sulfate-containing proteoglycans, 3 this study, we noted that similar to in vivo human keratocytes, 15 in vivo primate keratocytes exhibited a dendritic morphology and expressed both keratocan and CD34 (Fig. 1) . We further provided strong experimental evidence supporting that the dendritic morphology and expression of keratocan, CD34, and ALDH can be maintained in rhesus monkey keratocytes on plastic if cultured in a serum-free KSFM. This accomplishment represents a significant advance in the field of keratocyte biology, because all previous attempts in other media have failed. In plastic cultures, expression of one or several of the aforementioned markers has been reported for bovine keratocytes using serum-free DMEM 12 or DMEM/F12, 37 for rabbit keratocytes using serum-free DMEM, 38 and for human keratocytes using serum-free DMEM/ITS. 15 Nevertheless, keratocytes cultured in these media cease proliferation, a phenomenon also found in monkey keratocytes cultured in DMEM/ITS (Fig. 3) . Similar to DMEM/ITS, another serum-free medium called KSFM, also maintained on plastic, cultures the dendritic morphology of keratocytes from several species, including human, rabbit, mouse, and monkey (Fig. 2) . In KSFM, human dendritic keratocytes expressed keratocan (not shown) and monkey keratocytes expressed keratocan, CD34, and ALDH (Figs. 4, 5) . However, unlike DMEM/ITS, in which cells ceased proliferation, keratocytes cultured in KSFM continued to proliferate and could be subcultured until passage 15 before senescence (Fig.  3) . During this period, they continued to maintain a dendritic morphology and expressed keratocan, CD34, and ALDH (Fig.  4) . This culture medium thus allows us to expand keratocytes while maintaining their phenotype from several species, to investigate how they may control corneal transparency in the future.
Although the growth potential can be promoted in DMEM by adding FBS, bovine 12 and rabbit 13 keratocytes rapidly lose the dendritic morphology and the expression of keratan sulfate-containing keratocan, 15 and CD34, 7 in human keratocytes, and the expression of ALDH in bovine keratocytes. 4 In this study, we also noted that the dendritic morphology rapidly turned to a flattened fibroblastic morphology if freshly isolated monkey keratocytes were directly seeded in DMEM/10% FBS (Fig. 2) or if primary (Fig. 3) or passage-14 ( Fig. 4) keratocytes maintained in KSFM were subcultured in DMEM/10% FBS. Although cell proliferation was promoted in DMEM/10% FBS (Fig. 3) , these cells lost expression of keratocan, CD34, and ALDH (Fig. 4) . These findings, consistent with others described herein, further revealed that DMEM/10% FBS exerted a universal detrimental effect on the maintenance of the keratocyte phenotype.
The presence of FBS is a major difference between DMEM/ 10% FBS and KSFM. Addition of 10% FBS in KSFM caused monkey keratocytes to lose the dendritic morphology and the expression of keratocan and CD34, and to downregulate the keratocan promoter activity (Fig. 5) . FBS contains TGF-␤ 20, 39 and vitamin A 40 both of which can induce autocrine and paracrine production of TGF-␤, 41, 42 which promotes myofibroblast differentiation. 4, 14, 21, 22 Herein, we note that the promoter activities of TGF-␤1 and -␤ RII were not significantly upregulated when 10% FBS was added to KSFM compared with DMEM/10% FBS (Fig. 6 ) although the keratocyte phenotype FIGURE 6. TGF-␤1 and -␤ RII promoter activities. TGF-␤1 and -␤ RII transcriptional activity of rhesus monkey keratocytes was compared in DMEM/ITS, DMEM/10% FBS, and KSFM. Passage-1 cells were cotransfected with plasmids containing TGF-␤1 or TGF-␤ RII promoter-luc or CMV-␤-galactosidase for 48 hours. Cell extracts were assayed for activities of both luciferase and ␤-galactosidase. The relative luciferase promoter activity of both TGF-␤1 and - measured by expression of keratocan and CD34 and by keratocan promoter activities was already lost (Fig. 5) . These results suggest that FBS led to the loss of the keratocytes phenotype without transcriptional upregulation of TGF-␤ and that the extent of fibroblast differentiation stimulated by 10% FBS was more advanced in DMEM than in KSFM. Such a difference may be attributable to [Ca 2ϩ ], which is present at 0.07 mM in KSFM, much lower than the 1.8 and 0.9 mM in DMEM and DMEM/F12, respectively. Extracellular [Ca 2ϩ ] can affect the balance between proliferation and differentiation in many cell types. For example, the growth of cultured dermal fibroblasts is inhibited at low but promoted in high extracellular [Ca 2ϩ ]. 43 An increase of extracellular [Ca 2ϩ ] stimulates DNA synthesis of 3T3 fibroblasts by activating mitogen activated protein (MAP) kinase. 43 Furthermore, the growth potential is promoted by high extracellular [Ca 2ϩ ] (Ͼ1.0 mM), even without growth factors. 43 A medium containing a high [Ca 2ϩ ] concentration has been used to culture fibroblasts, because it can prevent apoptosis and promote their growth by activating MAP kinase. 44 It remains unknown whether keratocytes (i.e., neural crest-derived mesenchymal cells) prefer a high- [Ca 2ϩ ] medium in a similar manner to fibroblasts. In our study, we noted that an increase of [Ca 2ϩ ] to 1.8 mM alone in KSFM was not sufficient to alter the dendritic morphology and expression of keratocan and CD34 (Fig. 5) , nor did it upregulate the keratocan promoter activity and the promoter activities of TGF-␤1 and -␤ RII (Figs 5, 6 ). However, an increase of [Ca 2ϩ ] to 1.8 mM in KSFM with simultaneous addition of 10% FBS synergistically upregulated the promoter activities of TGF-␤1 and -␤ RII, and nuclear translocation of Smad2 and Smad4 to the same extent as did DMEM/10% FBS (Figs. 6, 7) . These results indicate that high [Ca 2ϩ ] and FBS synergistically upregulates Smad-mediated TGF-␤ signaling. In other words, FBS's detrimental effect against the keratocyte phenotype is contingent on high [Ca 2ϩ ]. This finding indicates that keratocytes responded to [Ca 2ϩ ] similar to epidermal keratinocytes, in which TGF-␤ stimulates differentiation in high [Ca 2ϩ ], [45] [46] [47] [48] but has no effect or inhibits differentiation in low [Ca 2ϩ ]. 45, 46, 49 In epidermal keratinocytes, the synergism between high [Ca 2ϩ ] and TGF-␤ action can further be explained by the fact that TGF-␤ mRNA can be induced by high [Ca 2ϩ ]. 41 In fibroblasts, TGF-␤ signaling depends on extracellular [Ca 2ϩ ]. 26 These data collectively indicate that a low- [Ca 2ϩ ] medium such as in KSFM plays a major role in downregulating TGF-␤ signaling.
Monkey keratocytes continuously expanded in KSFM lost their normal phenotype, as defined by the expression of keratocan, CD34 and ALDH when the medium was switched to DMEM/ITS (Fig. 4) . Because a mere increase of [Ca 2ϩ ] alone in KSFM was not sufficient to alter such a phenotype (Fig. 5) , we thus speculate that withdrawal of growth factor supplement from KSFM (when switched to DMEM/ITS) is responsible for such a phenotypic change. If indeed our interpretation were correct that the keratocyte phenotype depends on suppression of TGF-␤ signaling, withdrawal of growth factor supplement should be sufficient to activate TGF-␤ signaling. It is well known that the final outcome of transactivation of targeted genes mediated by TGF-␤ signaling can be modified by other signaling pathways mediated by MAP kinase, JNK, and Akt that may interplay and crosstalk with Smad-mediated signaling (for review, see Refs. 50, 51) . Future studies are needed to delineate how each growth factor in KSFM participates in the inception of Smad-mediated signaling, resulting in suppression of TGF-␤ signaling, as another mechanism explaining why a serum-free, low- [Ca 2ϩ ] medium can maintain the keratocyte phenotype while promoting cell proliferation.
